The benefits of multi-layer graphene (MLG) capping on Cu interconnects have been experimentally demonstrated. The resistance of MLG capped Cu wires improved by 2-7% compared to Cu wires. The breakdown current density increased by 18%, suggesting that the MLG can act as an excellent capping material for Cu interconnects, improving the reliability characteristics. With a proper process optimization, MLG capped Cu interconnects could become a promising technology for high density back end-of-line interconnects.
Introduction
It has been suggested that the minimum width of interconnect metal lines will scale down to 22 nm and their current density will increase to 5.8 × 10 6 A cm −2 by 2020 [1]. With such scaling, resistance and inter-metal capacitance will rapidly increase. Cross talk noise, dynamic delay [2] , and power consumption at the interconnect will likewise increase and reliability will degrade. These problems are representative challenges in future back end-of-line (BEOL) technology for state-of-the-art integrated circuits. These challenges are driving research on alternative interconnect materials. Carbon-based nano-materials (carbon nanotube (CNT)s, graphene) are suggested as promising materials for interconnect applications because of their unique properties such as ballistic transport [3, 4] , high mechanical strength [5, 6] and high thermal conductivity [7, 8] . In addition to these properties, high critical current density [9] [10] [11] and electromigration free transport characteristics made CNTs and graphene alternative materials for future interconnect applications. There have been several reports on the use of CNTs for VLSI applications, especially via interconnects [12] [13] [14] . The two-dimensional planar structure of graphene is very useful for nano-scale interconnect applications because alignment and top down processes are simple. So, various efforts have been made to investigate the practical uses of graphene and CNTs in interconnect applications [15] [16] [17] [18] [19] [20] .
On the other hand, the mobility degradation at high temperatures [21] , Joule-heating-induced failure [22] , and limited current drivability at small dimensions are identified as the main obstacles for CNT and graphene in interconnect applications. In addition, stand-alone single-layer graphene (SLG) interconnects suffer from environmentally induced variability problems [23] and a rapid rise in temperature under high current density conditions [22] . To resolve these issues with SLG interconnects, Cu intercalated with multi-layer graphene (MLG) has been proposed as an ideal way to use graphene in interconnects, but a process to fabricate multi-layers of Cu/graphene structure, however, has not yet been developed. On the other hand, a MLG/Cu stack structure can be a relatively realistic structure that can take advantage of an MLG intercalated Cu structure. If the MLG is stacked on a Cu interconnect, the dimension-limited current carrying capacity and the Joule heating problem of graphene can be alleviated because the Cu wire can dissipate heat from the graphene and share the current flux.
Another merit of the MLG/Cu structure is that the MLG can act as an excellent capping material. Cu diffusion to the interlayer dielectric can be suppressed by graphene capping because the graphene can block diffusion species [24] , and the physical extrusion of Cu can be prevented by the high mechanical strength of graphene. Zhang et al [25] reported that the graphene cap increases the activation energy of the interconnect structure and improves the critical current density and resistance to electromigration of the Cu.
In this work, an MLG/Cu stack structure has been fabricated and the benefits of graphene capping were experimentally examined in terms of resistance and reliability.
Experimental details
The MLG was grown by thermal chemical vapor deposition (CVD) on 300 nm of Ni film at 900 • C for 5 min with 5 sccm methane and 150 sccm flow of 4% H 2 in an Ar mixture. The MLG on the Ni layer was transferred to the target substrate using a polymethyl methacrylate (PMMA) template [26] . The four-five layer thick graphene was confirmed by measuring the transmittance and Raman spectroscopy. The transmittance of MLG is reduced by 2.3% per each single layer graphene [27] . The average transmittance of our MLG sheet was around ∼90%, corresponding to four-five layers of SLG ( figure 1(a) ). The Raman spectra showed typical MLG characteristics with a 2D/G ratio ∼0.77 (figure 1(b)) [28] . Each four-five layers of MLG was transferred three times to obtain ∼5 nm of thick and uniform MLG layer. Figures 1(c) -(e) show optical microscope images of (c) the first stack, (d) the second stack, and (e) the third stack of four-five layers of MLG. As the stacking order was increased, the thick island part of MLG became uniformly distributed. To show the resistance of the ∼5 nm MLG layer, we fabricated CVD MLG test patterns with dimensions identical to those on the Cu interconnect (figures 2(a), (b)). The MLG layer was patterned using photolithography followed by oxygen reactive ion etching.
A similar process was used to transfer MLG layers to the patterned Cu substrate. A Cu interconnect patterned wafer was fabricated on a SiO 2 /Si wafer using a single damascene process. The International Electrotechnical Commission (IEC) standard interconnect test patterns were used, as shown in figure 2(c) [29] . Cross-sections of the Cu interconnect showed Cu electroplated in SiO 2 trenches with a Ta/TaN barrier layer followed by chemical-mechanical polishing ( figure 2(d) ). To prevent Cu oxidation, the final cleaning was carried out using isopropyl alcohol (IPA) instead of water. After each transfer of MLG layer, the PMMA layer was removed by warm acetone. This step was repeated three times to obtain ∼5 nm of MLG on the Cu interconnect. After that, the MLG pattern overlapping the Cu interconnect pattern was formed using contact photolithography and oxygen reactive ion etching (RIE) as shown in figure 2(e). An excellent alignment between the MLG pattern and the Cu pattern was confirmed by optical microscopy ( figure 2(e) ) and Raman spectroscopy mapping of the G peaks, highlighted in green in figure 2(f) .
Then, the resistances of the MLG wire and MLG/Cu wire were measured by the four-point probe method, measuring the voltage between the V 1 and V 2 terminals while applying a low level constant current between the I 1 and I 2 terminals, as shown in figure 2(c) . The resistance values of Cu, MLG and MLG/Cu were measured at ten different devices from different parts of the 8 in wafer. To quickly check reliability, a ramp voltage test was performed while monitoring the current between the I 1 and I 2 terminals using the Keithley 2420 source meter. Then, failure modes were analyzed using scanning electron microscopy (SEM). the contact metal goes into the Cu layer and MLG layer, respectively; the temperature increase from Joule heating is more significant on the electron injection side and spreads to the opposite side. Theoretically, the calculated resistance of an MLG/Cu wire can be 100-1000 times lower than that of very narrow Cu wire, depending on the number of graphene layers (1 or 15 layers) ( figure 3(b) ) [15] because the resistance of the Cu wires increases exponentially in the sub-20 nm region due to size effects such as grain boundary scattering and surface scattering. Since the average resistance of the MLG lines was ∼20.4 / (10.2 µ cm for 5 nm MLG), the addition of the MLG layer on Cu can improve the resistance of even less scaled Cu wires by 4%-8% using MLG/Cu at length = 100 µm and width = thickness = 100 nm ( figure 3(c) ). The gain from the MLG stack layer is more pronounced with thinner Cu.
Results and discussion
Due to the low resistance of the MLG layer, ∼8.2% of the total current can flow through the MLG on top of the Cu (W × T = 100 nm × 100 nm), even with only 5 nm of MLG. However, the high current density at the MLG promotes significant Joule heating. Figure 4 shows the heat distribution in the 5 nm MLG on Cu interconnects of different Cu thicknesses: (a) 0 nm (i.e. SiO 2 ), (b) 100 nm, and (c) 200 nm. Under 10 V of stress, the temperature of the MLG wire on SiO 2 was increased to 550 K, as shown in figure 4(a) . However, the heat generated in the MLG layer successfully dissipated into the Cu layer and the temperature of the MLG/Cu stacked interconnect was maintained at 300 K. Figure 5 (a) shows the measured resistance of 5 nm MLG on a 2-4 µm wide Cu wire. The resistance of the MLG/Cu wire was reduced by 2%-7% from that of the Cu wire. The resistance gain of the ∼5 nm CVD MLG/Cu stack estimated from the resistance of MLG is only 1%-2% while a ∼5 nm ideal MLG/Cu stack can reduce the resistance up to ∼13%. The estimated resistance gain of the CVD MLG/Cu stack was 1%-2% but 2%-7% resistance gain was measured from the final MLG/Cu stack structure. Additional resistance gain at the MLG/Cu stack needs further explanation, but we can speculate that the resistance of the MLG layer might have been improved by the doping due to the workfunction difference between Cu and MLG or due to the thickness variations of MLG.
The dissipation of heat from the MLG layer into the Cu layer improves the reliability of the MLG layer by controlling the temperature. Also, the MLG layer on the Cu wire can improve the reliability of the Cu wire because graphene is an excellent capping material, retarding the electromigration [25, 30] . After capping with MLG, the breakdown current density of the stacked MLG/Cu wire dramatically improved to ∼2.7× 10 7 A cm −2 , which is 18% higher than an uncapped Cu wire ( figure 5(b) ). Since these values were obtained in air ambient, which can easily damage the graphene, the breakdown current can be further enhanced with proper dielectric encapsulation [22] .
As mentioned above, one way to explain the significant improvement in reliability characteristics is the enhanced capping effect. Based on theoretical modeling results, Jhang et al [25] reported that the mean time to failure (MTTF) of a Cu wire capped with monolayer graphene is longer than a CoWP (cobalt tungsten phosphide)-capped Cu wire [31] because the activation energy of electromigration in the Cu is increased and electromigration-induced Cu extrusion can be physically prevented by the graphene capping layer. In the interconnect structure with dielectric spacing, graphene is also a good diffusion barrier material which even a helium atom cannot permeate [24] . The enhanced breakdown current density of the MLG capped Cu interconnect supports the theoretical prediction that MLG capping can suppress the Cu electromigration [25] and electromigration-induced Cu extrusion [32, 33] due to increased activation energy for electromigration. In addition, SEM photographs of breakdown points showed an interesting difference between the Cu wire (figures 5(c), (d)) and the MLG/Cu wire (figures 5(e), (f)). The locations of the breakdown points seemed to move farther away from the electron injection point in the MLG/Cu wire than in the Cu wire. This result indirectly indicates that the electromigration was retarded after capping with MLG.
Conclusions
The feasibility and benefits of MLG/Cu interconnect technology have been successfully demonstrated. The resistance is reduced by 2%-7% and the breakdown current density improved by as much as 18% after the graphene capping. Since this gain is more pronounced in thinner Cu layers, a lower level Cu interconnect with a fine pitch could be a good application of graphene in future attempts to implement this process.
